Abstract. Particulate matter 2.5 (PM 2.5 ) is a growing concern worldwide due to its association with respiratory diseases, including chronic obstructive pulmonary disease (COPD). Stemonine, a traditional Chinese herb, has been demonstrated to exhibit anti-inflammatory and antioxidant properties, making it a potential drug for the treatment of respiratory diseases. The therapeutic effects of stemonine on mice with PM 2.5 -induced COPD were investigated in the present study. Kunming mice were randomly divided into the following five groups (n=10/group): Control, model, low-dose stemonine, moderate-dose stemonine and high-dose stemonine. The model mice received an intranasal instillation of PM 2.5 suspension (40 mg/kg). The levels of specific enzymes, markers of oxidative stress, and the inflammatory cytokines tumor necrosis factor (TNF)-α and interleukin (IL)-6 were measured in the bronchoalveolar lavage fluid of the mice using ELISA kits. Hematoxylin and eosin staining was performed to determine inflammatory changes to the lung tissue. It was demonstrated that stemonine could significantly alleviate lung injury by decreasing the levels of enzymes and cytokines associated with inflammation and oxidative stress in a dose-dependent manner. In addition, stemonine dose-dependently increased the amount of superoxide dismutase. These results suggest that stemonine reduces lung inflammation in mice with PM 2.5 -induced COPD, providing a novel approach for the treatment of PM 2.5 -induced respiratory diseases.
Introduction
A contaminated atmospheric environment, including that in numerous Chinese regions suffering from fog and haze, has a serious impact on human health. The increasing levels of mortality and morbidity due to lung infection and respiratory diseases are attributed to elevated levels of particulate matter (PM), particularly small inhalable particles like PM 2.5 (1) . PM 2.5 is a type of PM that is ≤2.5 µm in diameter. The physical damage caused by PM is associated with its size; the smaller the size, the greater damage it causes. In addition, PM 2.5 accumulates toxic heavy metals, acid oxides, organic pollutants, bacteria and viruses in the air, PM 2.5 can also remain in the air for a long time and be deposited in the lungs through inhalation, so it is a major threat to human health (2, 3) . Numerous previous studies have suggested that PM 2.5 can stimulate the production of reactive oxygen species (ROS) and certain inflammatory mediators, resulting in changes to vascular permeability, airway constriction and tissue injury (4) (5) (6) . The majority of previous studies investigating PM 2.5 have histopathologically examined lung sections (7, 8) .
Chronic obstructive pulmonary disease (COPD) is characterized by airway obstruction due to the destruction of lung parenchyma, structural alterations of the small airways and systemic inflammation (9) . COPD is a major cause of morbidity and mortality globally, and knowledge about its pathogenesis has increased substantially over the past decade (9, 10) . The primary risk factor for COPD is prolonged cigarette smoking (11) . Another risk factor for COPD is chronic environmental exposure to toxic atmospheric pollutants, including PM (2) (3) (4) . Several mechanisms of action have been proposed for the anti-inflammatory efficacy of antibiotics and traditional Chinese medicines (TCMs) on respiratory diseases, including COPD, house dust mite-induced allergic asthma, resistance of Klebsiella pneumoniae, and ventilator-associated pneumonia (12) (13) (14) (15) . However, the efficacy of such antibiotics was limited by their side effects in clinical trials, which included vomiting, diarrhea, weight loss and headaches (16) (17) (18) . At present, no effective control measures have been developed for the treatment of PM 2.5 -induced respiratory diseases apart from reducing PM 2.5 emissions, wearing a dust respirator and increasing the number of plants. Therefore, novel medicines with fewer side effects and a high efficacy for treating PM 2.5 -induced respiratory diseases are required.
A TCM extracted from Stemona tuberosa, stemonine, has been applied for insecticidal and medicinal purposes (19) . S. tuberosa is found in certain regions of Japan and China, and its root can be used to obtain stemonine. In TCM it is believed that the external use of stemonine deters mosquitoes and that Therapeutic effects of stemonine on particulate matter 2.5-induced chronic obstructive pulmonary disease in mice its oral administration can relieve a cough. In previous studies, several types of stemonine were used to treat chronic lung diseases, including chronic bronchitis, pneumonia, asthma and COPD, through antibacterial action, resolving phlegm and relaxing bronchial smooth muscle (20) (21) (22) .
In the present study, the effects of stemonine and its mechanism of action were investigated in mice with PM 2.5 -induced COPD. The results revealed that stemonine attenuated acute PM 2.5 -induced lung inflammation by inhibiting the infiltration of inflammatory cells. These results suggest that stemonine is a potential candidate for the treatment of respiratory diseases.
Materials and methods

Animals and reagents.
A total of 50 adult male Kunming mice aged 6-8 weeks and weighing 20-22 g were housed in a pathogen-free environment with a 12 h light/dark cycle at room temperature (20±2˚C) with a relative humidity of 50-70%. All animal protocols were conducted in accordance with the Declaration of Helsinki and the Guide for the Care and Use of Laboratory Animals. The present study was approved by the Ethics Committee of Yantai Hospital of Traditional Chinese Medicine (Yantai, China).
All chemicals and solvents used were of analytical grade. The lactate dehydrogenase (LDH, ml002267), alkaline phosphatase (AKP, ml002235), acidic phosphatase (ACP, ml037464), albumin (ALB, ml037889), nitric oxide (NO, ml022390), nitric oxide synthase (NOS, ml001884), malonyldialdehyde (MDA, ml016824) and superoxide dismutase (SOD, ml001998) ELISA kits were obtained from Shanghai Enzyme-Linked Biotechnology Co., Ltd. (Shanghai, China) and used according to the manufacturer's protocol.
Source and separation of PM 2.5 . Urban airborne PM 2.5 was collected with a Thermo Anderson sampler (PDR-1500; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in Yantai, China for 2 consecutive weeks in January 2016. Subsequently, the sampling filter membrane was cut into 3x2 cm sections and immersed in ultrapure water for ultrasonic oscillation (room temperature; 100 kHz; four times, 30 min each). After filtration with gauze, the filtrate was centrifuged at 16,060 x g for 20 min at room temperature. After centrifugation, the supernatant was removed and the precipitation was collected into physiological saline (PS), autoclave-sterilized, freeze-dried and stored at 4˚C until required.
COPD model establishment and administration. The model mice (n=40) received intranasal instillation of 20 µl of PM 2.5 suspension (40 mg/kg) once a day for 7 consecutive days, whereas mice in the control group (n=10) received the same amount of PS. The model mice were then randomly divided into the following four groups (n=10/group): Model group (40 mg/kg PM 2.5 ), low-dose stemonine (LS) treatment group (45 mg/kg stemonine), moderate-dose stemonine (MS) treatment group (90 mg/kg stemonine) and the high-dose stemonine (HS) treatment group (180 mg/kg stemonine). Stemonine was obtained from Beijing Kangrentang Pharmaceutical Co. (Beijing, China; batch no. 15009731). The treatment period lasted for 21 days, with treatment occurring once daily. All of the mice were checked daily for their general condition including physical appearance and behavior of mice, including hair condition, liveliness, sensitivity and respiratory murmur. A total of 24 h after the last intranasal instillation, the mice were sacrificed. The left upper lobe of the lungs was removed for hematoxylin and eosin (H&E) staining, and bronchoalveolar lavage fluid (BALF) and lung specimens were collected for further analysis.
BALF analysis. BALF was obtained by injecting 1 ml of 1X PBS and withdrawing as much fluid as possible according to the procedure used by Chen et al (13) . BALF was then centrifuged at 200 x g for 10 min at 4˚C. The obtained supernatants were used to detect the levels of LDH, AKP, ACP, ALB, NO, NOS, MDA and SOD with the aforementioned kits according to the manufacturer's protocol. Levels of the cytokines tumor necrosis factor (TNF)-α and interleukin (IL)-6 in the BALF were analyzed using ELISA kits according to the manufacturer's protocol (H052 and H007; Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Lung histology. The lung samples (left upper lobe of the lungs) from each group were fixed with 10% buffered formalin solution at room temperature for 24 h. The fixed lung tissues were dehydrated, embedded in paraffin and sectioned (5 µm). H&E staining was performed at room temperature for 5-10 min each to determine inflammatory changes to the lung tissue. The specimens were then examined using light microscopy for the effects of inflammation, including infiltrates, thickened alveolar septae, pus and cell hyperplasia.
Statistical analysis.
Comparisons between groups were analyzed by one-way analysis of the variance followed by Fisher's least significant difference test. Results are expressed as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
Stemonine improves the physical appearance and behavior of mice with PM 2.5 -induced COPD. Throughout the experimental period, mice in the control group had shiny hair, and were lively and sensitive, whereas the COPD model mice exhibited shaggy hair, and appeared listlessness and unresponsive, in addition to having a respiratory murmur (data not shown). Furthermore, the mean body weight of the LS, MS and HS groups was higher compared with that of the model group (data not shown).
Stemonine decreases pulmonary inflammation in mice with PM 2.5 -induced COPD. To evaluate the effect of stemonine on the biomembrane and parenchyma in the lungs of the mice, biochemical markers in the BALF were measured, including LDH, ACP, AKP and ALB ( Fig. 1 and Table I ). Compared with the control group mice that received PS, the model mice that received PM 2.5 had significantly higher levels of LDH, ACP, AKP and ALB (all P<0.05), indicating more pulmonary inflammation. However, the groups treated with stemonine (45, 90 and 180 mg/kg) exhibited a significant decrease in LDH, ACP, AKP and ALB compared with the model group (all P<0.05). These results suggest that stemonine has a dose-dependent negative effect on the levels of LDH, ACP, AKP and ALB.
Stemonine decreases the levels of oxidative stress markers in mice with PM 2.5 -induced COPD. The activity of SOD and NOS, and the amount of NO and MDA were measured in the BALF of the different groups using ELISA kits (Fig. 2 and Table II ). SOD activity was measured through the reduction of xanthine oxidase to uric acid and H 2 O 2 , which reduces nitroblue tetrazolium (NBT) to NBT-formazan (23) . The activity of NOS, and the levels of NO and MDA in the LS, MS and HS groups was significantly decreased compared with the model group (all P<0.05). In addition, the activity of SOD was significantly increased in the LS, MS and HS groups compared with the model group (P<0.05). These data indicate that stemonine inhibits the oxidative stress induced by PM 2.5 in the lungs of Table I . Stemonine decreases the levels of LDH, ACP, AKP and ALB in mice with particulate matter 2.5-induced chronic obstructive pulmonary disease. mice in a dose-dependent manner, thus reducing oxidative stress-associated lung damage.
Stemonine alleviates lung inflammation in mice with PM 2.5 -induced COPD.
Previous studies have demonstrated that acute cigarette smoke exposure depletes the antioxidant capacity of the lungs (24, 25) . Thus, the effects of stemonine on the levels of the cytokines TNF-α and IL-6 in the BALF of the different groups were measured using ELISA kits in the present study (Fig. 3 and Table III ). The levels of TNF-α and IL-6 in the groups treated with stemonine (45, 90 and 180 mg/kg) were significantly higher compared with those in the control group (all P<0.05), whereas they were significantly lower compared with the model group (all P<0.05). These results suggest that stemonine alleviates PM 2.5 -induced lung inflammation in mice.
Stemonine reduces lung inflammation and damage in mice with PM 2.5 -induced COPD.
Histology analysis was performed and evaluated as previously described (23,24). Pathological Table II . Stemonine decreases the levels of MDA. NO and NOS, and increases the level of SOD, in mice with particulate matter 2.5-induced chronic obstructive pulmonary disease. changes and the effects of inflammation, including infiltrates, thickened alveolar septae, pus and cell hyperplasia, were investigated in the lung tissues of the different groups using H&E staining (Fig. 4) . This revealed marked infiltration of inflammatory cells and exudative changes in the lungs of the model group (Fig. 4B) , whereas no inflammation was observed in the control mice (Fig. 4A) . However, there was a notable improvement in inflammation in the mice treated with stemonine ( Fig. 4C-E) in a dose-dependent manner. These results indicate that stemonine reduces PM 2.5 -induced lung inflammation and damage, suggesting that it may have a therapeutic effect on the pathological effects of PM 2.5 .
Marker of cellular oxidation state ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Discussion
In recent decades, much research has been focused on the direct and indirect toxic effects of PM 2.5 in China, the USA and certain European countries. A previous study reported that PM Table III . Stemonine decreases of the levels of TNF-α and IL-6 in mice with particulate matter 2.5-induced chronic obstructive pulmonary disease.
TNF-α (pg/ml) IL-6 (pg/ml) in the air, particularly PM 2.5 , can cause bronchial wall thickening and the production of ROS (26) . Long-term exposure to high levels of PM is associated with respiratory diseases. A previous study reported that PM 2.5 exacerbates chronic inflammatory conditions of the lungs, including COPD, pulmonary hypertension and autoimmune diseases (25) . With increasing PM 2.5 in the air, the incidence of respiratory diseases, including pneumonia, asthma and COPD, will gradually increase. Recently, several types of TCMs have been used to treat PM 2.5 -induced respiratory diseases (27) (28) (29) . A recent study reported that tuberostemonine could attenuate acute cigarette smoke-induced inflammation of the lung via inhibiting the infiltration of inflammatory cells through decreasing chemokine expression (30) . Chen et al (13) reported that resveratrol exhibits potent antiallergic activities on allergic airway inflammation in a house dust mite-induced mouse model of asthma. Qin et al (31) identified that Guben Zhike granules could reduce inflammatory cell infiltration and improve lung function in a PM 2.5 -induced mouse model of lung injury. Other studies have explored the underlying mechanisms of allergic airway inflammation and pulmonary hypertension associated with environmental toxins, for example, nasal inoculation of particulate matter (PM2.5) could induce allergic airway inflammation in NC/Nga mice (4), and Park et al (32) identified B cells and antigen specific IgG1 as potential therapeutic targets for pulmonary hypertension associated with immune dysfunction and environmental exposures. The present study demonstrated that stemonine, which is derived from S. tuberose, exhibits therapeutic effects on mice with PM 2.5 -induced COPD. An influx of inflammatory cells, and changes to the lung tissue and alveolar structure, were observed when the mice were exposed to PM 2.5 . However, when these mice were treated with stemonine it inhibited the influx of inflammatory cells.
Several previous studies have demonstrated that PM 2.5 exposure directly activates innate immune cells and epithelial cells, and induces chemokine, proinflammatory cytokine, growth factor, protease and antibacterial protein expression (28, 33, 34) . To investigate the underlying molecular mechanisms of the effects of PM 2.5 , the present study analyzed the levels of specific enzymes, oxidative stress markers and cytokines in the BALF, in addition to performing histology analysis. This revealed significantly increased levels of LDH, ACP, AKP, ALB, MDA, NO, NOS, TNF-α and IL-6, and significantly decreased levels of SOD, in the BALF after exposure to PM 2.5 . This indicates that PM 2.5 exerts its effects through altering the expression of cytokines and increasing ROS production in the lungs. In addition, stemonine treatment significantly decreased the levels of LDH, AKP, ACP, ALB, NO, NOS, MDA, TNF-α and IL-6, and significantly increased the level of SOD, in a dose-dependent manner. These data indicate that stemonine attenuates acute PM 2.5 -induced lung inflammation via inhibiting the infiltration and cytotoxicity of inflammatory cells. Therefore, stemonine is a potential therapeutic drug for the treatment of respiratory diseases.
Since PM 2.5 is a complex mixture of various components, and the composition of PM 2.5 collected at different time points and in different locations varies, the mechanisms by which PM 2.5 functions in the body is likely to be complex. The present study was a preliminary investigation into the therapeutic effects of stemonine on immunoreactivity and oxidative stress in a mouse model of PM 2.5 -induced lung injury. Future research should explore other mechanisms of PM 2.5 in lung injury, and the interaction and mutual associations between these mechanisms. In addition, the specific regulation of the mechanism by which PM 2.5 functions remains to be elucidated. Furthermore, studies should aim to identify the essential targets of stemonine, which could lead to the pharmacological development of treatments for respiratory diseases induced by PM 2.5 .
In conclusion, stemonine is able to inhibit the development of PM 2.5 -induced lung inflammation through inhibition of the cytokine response, thus making it a therapeutic candidate for the treatment of respiratory diseases, including COPD. At present, no effective control measures have been developed for the treatment of PM 2.5 -induced respiratory diseases apart from reducing PM 2.5 emissions, wearing a dust respirator and increasing the number of plants. The results of the present study highlight novel areas for the prevention and treatment of respiratory diseases associated with environmental pollution.
